Abstract: Oil spill in sea water is one of the main accidents that affect significantly the maritime environment over a long period of time. Knowing the severe influence of oil spills on the ecosystem, it is crucial to have oil spill detecting and monitoring systems for quick intervention and danger containment. In our project, we propose the usage of drones as an oil spill detection system. The drones will be implementing different previously developed multi-frequency approaches for the detection. The effectiveness of such techniques is based on the accuracy of the data collected and their match to the theory. This journal presents a method for the remote extraction of reflection coefficients from multilayer structure modeling an oil spill in sea water. The experimental results for the reflectivity extraction validate the theoretical calculations and allow the implementation of different algorithms based on the statistical information taken directly from the site.
Introduction
Oil products have become essential for most industrial and commercial mass production. The global need to have petroleum extracts all over the world stresses the in-between continental movements of these products and therefore increases petroleum marine transportation. Sea water oil spills are one of the main accidents effecting the maritime environment over a long period of time. The European Space Agency (ESA) has estimated the annual worldwide spill at more than 4.5 million tons of oil, where 45% of the amount is due to ship operative discharges [1] . Considering that these accidents are happening on a worldwide scale, either intentionally or not, and analysing their severe influence on the ecosystem, it is crucial to have oil spill detecting and monitoring systems for a quick intervention and danger containment. Oil spill detection and monitoring is currently done with the aid of several techniques and sensors, with the most recent ones done remotely using satellite [2] [3] [4] [5] [6] [7] and airborne systems [8, 9] . In 2016, the European Maritime Safety Agency (EMSA) launched the need to complement the satellite maritime surveillance systems -that can detect only 25% of pollution accidents-by drones [10] dual and multi-frequency advanced algorithms that target oil spill detection for unknown oil thicknesses based on the statistical distribution of the reflectivity values [11, 12] . The effectiveness of the approach was tested numerically using Monte-Carlo simulations, but to be able to move forward to prototypes and real applications, the results needed to be validated experimentally. Hence, in this journal we present a fast and efficient method for the remote extraction of the power reflection coefficients on multilayer structure modelling an oil spill in sea water.
The rest of this journal is organized as follows: Section 2 presents the oil slick theoretical model. The reflectivity parameter extraction model is described in Section 3. The different parameters used in the theoretical simulation are 
Theoretical Model
From the physical point of view, the problem is considered to be a multi-layer structure where we study the reflection of the EM waves from the sea layer covered by a layer of oil. The electrical properties and the physical characteristics are defined for the layers at the boundaries where interaction with EM waves occurs.
We assume that there is an oil slick, with thickness d, on the top of the sea water. An oil spill (with thickness in mm) on the sea surface will dampen the waves and hence reduce the surface roughness [13, 14] .
Furthermore, at open ocean space, with low wind speeds (2-6 m/s) (which are considered optimal for oil spill detection [15] ), the correlation length of the ocean waves is large and the rms-height of the capillary waves is small. Hence, all interfaces are assumed to be very smooth. The sea water is assumed to be very deep so that we neglect the reflections from this medium. The relative dielectric constants (permittivities) of the air, oil and sea water are respectively ε 1 , ε 2 and ε 3 . These permittivities could be complex or real. The different mediums are assumed to be non-magnetic, so that the permeability µ = 1, which allows us to write the refractive indices "n" for the different materials as n i = ε i . The electromagnetic (EM) signals are normally incident on the oil surface interface. The field reflection coefficient from the interface between two mediums p and q is given by
The formula of the reflectivity (power reflection coefficient) for the three-layer structure is previously developed [11] . It is given by 
is the phase shift that is dependent on the oil-refractive index n2, the frequency of the electromagnetic wave (reflected in its wavelength defined as = where c is the speed of light) and the thickness of the oil layer d. It is given by = 2 2
The reflectivity R is a trigonometric function with period TR that is dependent on the oil-refractive index and the frequency of the electromagnetic wave. The period is expressed as = 
The reflectivity in oil-free scenario is calculated using
3. Parameter Extraction Model where | | = 1 for perfect conductor metal interface. This means that the metal acts as a total reflector and the metal placement is equivalent to system calibration. In other words, S21,m is allowing us to ignore the need to exactly identify the value of each parameter of (6), because using it as a normalization factor is actually providing the value of the reflection coefficient as
Using this model, we can investigate the effect of many parameters on the performance of the overall system, including:
1) the minimum required power for this kind of applications by studying the effect of the power sent (using Ain).
2) The influence of the antennas radiation patterns and its directivity on the study analysis. This effect can be studied by varying the distance z between the antennas and the oil/water surface and by varying the angle of incidence of the EM waves.
3) The effect of the several paths of transmission and reflection.
4) The effectiveness of the absorbers used at the bottom: how much these absorbers are preventing reflected EM waves from the last medium as to have the model as realistic as possible to that of a deep ocean.
5) The influence of the surface roughness on the accuracy of the parameter extraction.
Results

A. Simulation Setup
As shown in (2) and (4), the reflectivity function is periodic where its period is dependent on the frequency of the electromagnetic wave used and the oil dielectric constant. With respect to the target application related to oil spill detection, oil property is not a design-controlled parameter. Therefore, in the following, the study will be based for realistic range of oil dielectric constant and for all the range of possible oil thickness. What is a design-controlled parameter is actually the number of frequencies chosen during analysis and algorithm development. That said, the analysis of the reflectivity will be studied with respect to the variation of the frequencies and the oil thickness to eventually reach the best decision as to which frequencies should be used for the oil detection.
Our model is a planar multilayer structure composed of three consecutive mediums: air, oil and water. For the air, it is assumed that 1 = 1 F/m. For the oil, depending on its type, the real part of its dielectric constant varies between 2.9 and 3.3 F/m. However, the imaginary part is very small (of order 0.01 j) and can be neglected without any influence on the results. As for the sea water, its dielectric constant, 3 , is function of the water temperature tw, water salinity sw and the frequency of the electromagnetic signal used. For its calculation, we use the model with tw = 20°C and sw = 35 ppt [16] . The oil slick is considered to be thick and dispersed on top of the water over all the area of study. The thickness of the oil slick is varied between 0 and 10 mm. The electromagnetic waves are transmitted normally to the surfaces. The frequencies used for the EM vary between 4 GHz and 12 GHz, but only specific frequencies will be displayed in the results. variation. For d = 0 mm, no oil exists and it is pure water. In this case, the reflectivity values are independent of the oil thickness and constant for every frequency. This behaviour is shown by the horizontal blue plot. This plot is helpful for the comparison of results and will be a reference plot that is used to study the reflectivity behaviour in the presence of an oil slick. The deviation from this plot will give the variation in power ratio, which in turn will show how accurate our system is in terms of oil spill detection.
B. Simulation Results Analysis
The reflectivity is a trigonometric function. Increasing the frequency will decrease its period. This behaviour is observed when comparing the four plots of reflectivity at different frequencies, where f = 11 GHz and f = 5 GHz record periods of 7.8 mm and 17.3 mm respectively. Between 0 and 8 mm, the reflectivity values at 5 GHz are decreasing in a monotonic behaviour with a very small slope at (0 and 2) mm. This slope increases for the rest of the range (2 and 7) mm and then decreases again until it reflects at 8.6 mm. The main drawback for this plot is that for small thickness layers of oil, any error in the power reflectivity estimation would disrupt oil detection due to the very small variation of the power difference between the oil free scenario and the oil presence scenario. In contrast, the variation in the reflectivity values at (7, 9 and 11) GHz is quite high for consecutive values of oil thickness, and it allows oil detection at small thickness values. However, the periodicity of such signals would again disrupt detection for higher thickness levels (for example at d = 7.8 mm at 11 GHz). Here comes the idea of using algorithms where a combination of frequencies for the oil detection is implemented as developed [11, 12] . At 11 GHz, the difference is high at around 3.5 mm, decreases to null at 7.8 mm and increases again to 1.5 dB at 10 mm. From the results discussed above, we notice that although at different thickness values there exists some noticeable difference in reflectivity values at the same frequency for different dielectric constants. Yet, this difference occurs far below the water reflectivity value (-2 dB). Therefore, the variation in the oil dielectric constants should not lead to oil detection algorithm failure. Rather, it leads to an increase in the error of correctness percentage, which is still acceptable. In other words, although we may not know the exact value of the oil dielectric constant, we should still be able to use the different algorithms to have a correct decision.
C. Experimental Setup
For the experimental setup, we used a basin with dimensions of 38.5 x 26.5 x 22.5 in length, width and height respectively, all in cm. At the bottom of this basin, we put 5 cm of absorbers. Having efficient absorption from the bottom level, it was enough to fill the basin with only 6 cm of water. On the top of the water surface, we spilled olive oil which has a dielectric constant very similar to that of crude fuel oils shipped between countries [17] - [19] . The volume of oil spilled corresponds to a thickness of 3 mm dispersed over all the area in the basin. For the EM waves transmission and reception, we used two horn antennas. The dimension "a" of the antenna is around 7 cm. The two antennas were displaced 4.5 cm away from each other, and the inclination above a horizontal plan for each antenna is around 2 cm. The inclination and the antennas dimensions make around 7.5°antenna tilt with vertical plane. The antennas are placed 10 cm above the basin. This distance is considered good enough for the range of frequencies used in study.
System calibration is done using a perfect metal plate placed at the same height as that of the oil surface. Taking into account the antennas dimensions, the distance between these antennas and the oil surface should be large enough to ensure that we are working in normal transmission and reception. In addition, this distance is critical to decouple the antennas and the medium of EM waves-surfaces interactions. However, since we are doing calibration using perfect metal material at the same height and the same antennas setup, and since our analysis are based on the average power poynting vector measured by the VNA, the effect of the small distance used in experiment will not touch the parameter extraction precision. Furthermore, the angle of incidence 7.5°is used for this distance to make sure that the reflections from the surface will fall directly in the second antenna. This scenario very much resembles very much the scenario where the antennas will be placed at a higher distance with a smaller angle of incidence (around 2°). Note that the small angle of incidence in the experiment can be neglected in terms of its effect on the reflectivity, and the experimental results will be compared to the simulation results with perfect normal incidence. is possible to perform oil spill detection that can be implemented using different advanced algorithms as mentioned in [11] and 12] . In addition, this technique may be used to remotely estimate the oil dielectric constant for material characterization, but this is beyond the scope of this journal.
D. Experimental Results Analysis
Conclusion
In this journal, we experimentally demonstrate the use of reflection coefficient parameter extraction for radar application. Oil spill in sea water is modelled as a multilayer structure with planar interfaces. EM waves transmitted to the oil-water model are reflected back and processed for reflection coefficient parameter extraction. For different oil thicknesses, the reflectivity values vary with the EM frequency range, which allows the distinction between 'oil presence' and 'oil absence' on sea water. The results experimentally obtained verify the simulated results. Having the experimental data validated, it is now possible to use it as input data to multi-frequency advanced algorithms that target oil spill detection for unknown oil thickness based on the statistical distribution of the reflectivity values.
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